Abstract The UDP-glucosyltransferase UGT76G1 from Stevia rebaudiana converts stevioside to rebaudioside A via a one-step glycosylation reaction, which increases the amount of sweet-tasting rebaudioside A and decreases the amount of stevioside that has a bitter aftertaste. This enzyme could, therefore, conceivably be used to improve the organoleptic properties of steviol glycosides and offer a cost-effective preparation of high-purity rebaudioside A. Producing soluble enzymes by overexpression is a prerequisite for large-scale biocatalysis. However, most of the UGT76G1 overexpressed in Escherichia coli is in inclusion bodies. In this study, three N-terminal fusion partners, 3 0 -phosphoadenosine-5 0 -phosphatase (CysQ), 2-keto-3-deoxy-6-phosphogluconate aldolase (EDA) and N-utilisation substance A (NusA), were tested to improve UGT76G1 expression and solubility in E. coli. Compared with the fusion-free protein, the solubility of UGT76G1 was increased 40% by fusion with CysQ, and the glucosyltransferase activity of the crude extract was increased 82%. This successful CysQ fusion strategy could be applied to enhance the expression and solubility of other plant-derived glucosyltransferases and presumably other unrelated proteins in the popular, convenient and cost-effective E. coli host.
Introduction
Steviol glycosides give the leaves of Stevia rebaudiana their characteristic sweet taste and are used in stevia-based sweeteners (Urban et al. 2015) . In addition to their intense sweetness, these compounds are low in calories and possess antihyperglycemic, antihypertensive, anti-inflammatory, antitumor and immunomodulatory properties (Wolwer-Rieck 2012) . Rebaudioside A and stevioside are the predominant sweetening agents in steviol glycosides, but rebaudioside A possesses higher sweetness and better taste than stevioside (Tada et al. 2013) . The United States Food and Drug Administration has recognised rebaudioside A to be 'generally safe' since 2008 (Rumelhard et al. 2016) . As a consequence, the physical separation of rebaudioside A from the stevia extracts has become a fastgrowing area of research (Chen et al. 1999; Li et al. 2012; Lui et al. 2011) .
UDP-glucosyltransferase UGT76G1 (GenBank Accession no. AAR06912) from S. rebaudiana, which belongs to the class I family of glycosyltransferase multigenes (Paquette et al. 2003) , catalyses the conversion of stevioside to rebaudioside A via a one-step glycosylation reaction (Brandle and Telmer 2007) . By increasing the amount of the sweet-tasting rebaudioside A relative to steviol glycoside products that have a residual bitter aftertaste, enzymatic synthesis of rebaudioside A from stevioside by UGT76G1 can be used for the preparative separation and purification of rebaudioside A (Adari et al. 2016; Wang et al. 2016) . We established a cell-free system for conversion of stevioside to rebaudioside A by coupling the activities of recombinant UGT76G1 from S. rebaudiana and sucrose synthase AtSUS1 from Arabidopsis thaliana . However, many plant-derived enzymes form insoluble inclusion bodies when overexpressed in Escherichia coli, resulting in low enzyme activities that impede effective scale-up (Desmet et al. 2012; Georgiou and Valax 1996; Xu et al. 1998 ). In our previous work , recombinant UGT76G1 was mainly expressed in inclusion bodies in E. coli. Production of glycosyltransferases can be improved in a stepwise manner by manipulating the promotor strength (strong T7 promoter vs. intermediate P34 promoter), testing inducible vs. constitutive expression systems (pET21 vs. pCXP34h vectors) and changing the E. coli expression strain (BL21 vs. Origami2) (Dewitte et al. 2016) . In the present study, we decided to try another method to improve protein solubility for efficient enzyme production.
Due to its relatively easy genetic manipulation, fast biomass accumulation and inexpensive manufacturing cost, E. coli is the preferred host for recombinant protein expression (Zerbs et al. 2014) . However, unlike eukaryotic systems, translation occurs almost simultaneously with transcription, and the prokaryote host lacks posttranslational modification systems. Thus, many proteins, especially eukaryotic proteins, form undesirable aggregates (inclusion bodies) when heterologously expressed in E. coli (Georgiou and Valax 1999) , which restricts the production of active recombinant proteins. Various methods aimed at improving protein solubility during heterologous expression in E. coli have been adopted, such as lowering the temperature (Jhamb and Sahoo 2012) , codon optimisation (Kane 1995) , coexpression with molecular chaperones (Jhamb et al. 2008; Pei et al. 2015; Schlieker et al. 2002; Tong et al. 2016 ) and expression with fusion partners (Ahn et al. 2007; Hellman et al. 1992; Kim and Lee 2008; Pasek et al. 2010) . The most widely used fusion expression partners include maltose-binding protein (Raran-Kurussi et al. 2015) , N-utilisation substance (NusA) (De Marco et al. 2004; Niiranen et al. 2007 ) and glutathione-S-transferase ), all of which can divert inclusion body formation and enhance the expression of functionally folded target proteins in soluble form. Additionally, several new proteins have been shown to be effective expressionand solubility-enhancers for aggregation-prone heterologous proteins in E. coli (Kang et al. 2015; Lee et al. 2014) . To avoid lowering the yield of target proteins, aggregationresistant fusion partners with a smaller molecular mass are deemed more appropriate. In the present study, two proteins with a molecular weight of no more than 30 kDa, 3 0 -phosphoadenosine-5 0 -phosphatase (CysQ) (Lee et al. 2014 ) and 2-keto-3-deoxy-6-phosphogluconate aldolase (EDA) (Kang et al. 2015) and the heavier NusA (55 kDa; Table 1) were tested as N-terminal fusion expression partners to improve the expression of recombinant UGT76G1 in E. coli. CysQ is believed to be required during aerobic growth in E. coli to help control the level of 3 0 -phosphoadenosine-5 0 -phosphosulfate in cysteine biosynthesis (Neuwald et al. 1992) . Because of the significantly increased expression of CysQ under exogenous stress conditions in E. coli BL21 (DE3), CysQ has an intrinsic ability to adopt its native conformation (Lee et al. 2014) . As a fusion expression partner, CysQ is highly effective for enhancing the cytoplasmic solubility of various aggregation-prone heterologous proteins to ensure they retain native bioactivity and native secondary structure (Lee et al. 2014) . EDA catalyses the reversible cleavage of 2-keto-3-deoxy-6-phosphogluconate to pyruvate and glyceraldehyde-3-phosphate in the Entner-Doudoroff pathway (Han et al. 2008) . Because it retains its structure even under protein denaturing conditions, EDA can be applied as an effective fusion expression partner to increase the cytoplasmic solubility of aggregation-prone heterologous proteins (Kang et al. 2015) . Genes encoding the respective fusion partner and UGT76G1 were fused in plasmid pET28a(?), transformed into E. coli, and protein expression and enzymatic activities of the resultant fusion proteins were measured.
Materials and methods

Cloning
The E. coli strain BL21 (DE3) was used as the host for protein expression. Using PCR amplification with the appropriate primers (Table 2) , the codon-optimised gene (LC312448), derived from S. rebaudiana UGT76G1 mRNA (AY345974), was synthesized by GenScript (Nanjing, China) and then cloned into pET-28a(?) (Novagen, Darmstadt, Germany) between NdeI and XhoI restriction endonuclease sites (Fig. 1a) , and genes encoding each of the three solubility-enhancer proteins CysQ, EDA and NusA were separately cloned into pET-28a(?) between NdeI and HindIII restriction endonuclease sites, with an enterokinase (EK) cleavage site (DDDDK, D 4 K) at the C-terminus of the fusion partner (Fig. 1b) . The resultant recombinant plasmids were named pET28a-UGT, pET28a-CysQ, pET28a-EDA and pET28a-NusA, respectively. As the heterologous gene was inserted after NdeI in pET-28a(?), a polyhistidine (H 6 ) tag was included at the N-terminus of the recombinant protein to facilitate its purification. To construct the N-terminal fusion partner of UGT76G1, the genes encoding UGT76G1 were separately incorporated between the restriction endonuclease sites HindIII and EcoRI of pET28a-CysQ, pET28a-EDA and pET28a-NusA (Fig. 1c ) using the primers listed in Table 3 . The resultant fusion constructs were named pET28a-CysQ-UGT, pET28a-EDA-UGT and pET28a-NusA-UGT, and all included a cleavage sequence D 4 K for enzymatic digestion by EK between the N-terminal fusion partner and the target protein UGT76G1.
PCRs were carried out using a Biometra Thermocycler T-Gradient Thermo Block (American Laboratory Trading, Inc., Connecticut, USA). Cycling parameters included a pre-denaturation at 94°C for 5 min, 30 cycles of denaturation at 94°C for 30 s, annealing at 62°C for 30 s, and extension at 72°C for 100 s, and a final extension for 5 min at 72°C. PCR products were isolated by electrophoresis on a 0.8% agarose gel and purified using an agar gel DNA Extraction Kit (Shanghai Generay Biotech Co., Ltd., Shanghai, China). Expression constructs were verified by DNA sequencing and used to transform E. coli BL21 (DE3). Clones were subsequently selected using Luria-Bertani (LB)-agar plates supplemented with kanamycin (50 mg/l).
Expression of recombinant proteins in E. coli
For expression of recombinant proteins, each E. coli transformant was incubated in 5 ml of LB media (10 g/l tryptone, 5 g/l yeast extract, 10 g/l NaCl) with kanamycin (50 mg/l) at 37°C with shaking at 200 rpm overnight. These small cultures were used to inoculate larger 50 ml cultures that were grown in the same way. After 2 h, cultures were transferred to an incubator at 30°C and incubated with shaking for another 0.5 h, at which point the culture turbidity (OD 600 ) reached 0.5-0.6, and gene expression was induced by the addition of 0.5 mM isopropyl-b-D-thiogalactoside. After a further 16 h of cultivation, cells were harvested by centrifugation (54329g, 5 min) and cell pellets were washed twice with 5 ml 50 mM potassium phosphate buffer (pH 7.2). Cell pellets were resuspended in 1 ml of the same buffer and disrupted using a Sonifier (Ningbo Scientz Biotechnology Co. LTD., Zhejiang, China). Following centrifugation at 70009g for 30 min, cell-free supernatants were subjected to polyacrylamide gel electrophoresis analysis on a 12.5% Trisglycine precast gel (Bio-Rad Laboratories, Inc., CA, USA). Protein concentration was determined using the Bradford method (Bradford 1976 ) using bovine serum albumin as a standard. Supernatants were used as crude enzyme extracts, and both supernatants and insoluble fractions were analysed by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE). Samples containing the enzyme were separated by 12.5% SDS-PAGE and stained with Coomassie brilliant blue. Gels were analysed using a GenoSens1860 instrument (Clinx Science Instruments Co., Ltd, Shanghai, China), and UN-SCAN-IT gel analysis software (https://www.silkscientific.com/gel-analysis.htm) was used to calculate the relative concentration of target protein in each band based on the optical densitometry.
Purification of recombinant proteins
Purification of recombinant UGT76G1 and CysQ-UGT was carried out using metal affinity chromatography. First, 1 ml of Ni 2? -NTA agarose resin (GenScript, Nanjing, China) was loaded into a column and prewashed twice with 10 ml of Lysis Equilibration Buffer (50 mM sodium dihydrogen phosphate, 300 mM NaCl, pH 8.0) at a flowrate of 0.5-1 ml per min. Cell lysates (5 mg total protein) containing (H 6 )-UGT76G1 or (H 6 )-CysQ-UGT76G1 were loaded onto the Ni-charged resin and 6 ml of Wash Buffer I (50 mM sodium dihydrogen phosphate, 300 mM NaCl, 20 mM imidazole, pH 8.0) was passed through the column to avoid non-specific binding of untagged E. coli host proteins. Next, 6 ml of Wash Buffer II (50 mM sodium dihydrogen phosphate, 300 mM NaCl, 50 mM imidazole, pH 8.0) was passed through the column. Binding was carried out in batch mode at 4°C, and resin was washed three times with 10 ml Elution Buffer (50 mM sodium dihydrogen phosphate, 300 mM NaCl, 250 mM imidazole, pH 8.0) to elute the target proteins. Resin was subsequently washed twice with 10 ml Lysis Equilibration Buffer to prepare the column for the next purification. Fractions were analysed using SDS-PAGE.
Glucosyltransferase activity assay
The substrate stevioside (1 mM) was incubated with *0.5 mg of crude or purified UGT76G1 or CysQ-UGT for 30 min at 30°C in a 3-ml reaction mixture containing 2 mM UDP-glucose, 50 mM potassium phosphate buffer (pH 7.2) and 3 mM MgCl 2 (Madhav et al. 2013 ). Before and after the incubation period, a 500-ll sample was removed, heated at 95°C for 15 min, centrifuged at 13,5239g and the supernatant was collected. The control reaction contained water instead of enzyme. All experiments were performed in triplicate. Samples were extracted twice with an equal volume of water-saturated 1-butanol and dried using a QYN100-1 nitrogen purge device (Joyn Electronic, Shanghai, China). Pooled butanol fractions were dried completely and re-dissolved in 300 ll of water-saturated 1-butanol. Samples were then measured using high-performance liquid chromatography (HPLC). One unit (U) of glucosyltransferase activity was defined as the amount of enzyme that produced 1 lmol rebaudioside A per min under the described conditions. Because the proteins were of different molecular weights [UGT76G1 = 52.9 kDa; CysQ-UGT = 80.6 kDa; calculating by ExPASy Compute pI/Mw (http://web.expasy.org/ compute_pi/)], we used mU/lmol as units for specific activity of the purified enzymes.
HPLC analysis
HPLC was used to measure the concentration of rebaudioside A on an Agilent Infinity LC system (Agilent Technologies, Santa Clara, CA, USA) equipped with a Galaksil BF-NH2 column (4.6 9 250 mm, 5 lm 120 Å ) maintained at 40°C and monitored by UV detection at 210 nm (Wuxi Galak Chromatography Technology Co. Ltd., Wuxi, China) (Kolb et al. 2001; Wang et al. 2016) . The flow rate was 1 ml/ min using 20% H 2 O in CH 3 CN (pH adjusted to 4.6 with acetic acid) as the mobile phase. The injection volume was 10 ll. A rebaudioside A standard was obtained commercially (Wako Pure Chemical Industries, Ltd., Osaka, Japan).
Results and discussion
Expression of UGT76G1 fused with CysQ, EDA and NusA Three plasmids, pET28a-CysQ, pET28a-EDA and pET28a-NusA, each containing a different fusion partner, together with pET28a-UGT containing the gene encoding UGT76G1 without a fusion partner, were transformed into E. coli and expression was carried out. High levels of soluble expression were observed for all three fusion partners (Fig. 2) . By NusA-UGT 5 0 -ttc ggt gac gaa gcg aag ctt gat gac gat gac aag gaa aat aaa acc gaa acc-3 0 5 0 -gtg gtg gtg gtg gtg ctc gag tta cag aga gct gat gta tga aac c-3 0 contrast, expression of the fusion partner-free UGT76G1 protein resulted in insoluble inclusion bodies. We next introduced the gene encoding UGT76G1 into the engineered plasmids containing the fusion partners and transformed the resulting constructs into the E. coli host. As shown in Fig. 3 , the solubility of the aggregation-prone target protein was enhanced following fusion with all three N-terminal protein partners. Fusion with CysQ resulted in the highest amount of target protein in the soluble fraction. We speculate that CysQ might promote the binding of molecular chaperones that bind to its cluster of hydrophobic amino acids (Lee et al. 2014) .
In general, a fusion partner of lower molecular weight results in a higher yield of target protein, and a larger fusion partner might be more likely to interfere with the biological activity of target proteins (Lee et al. 2014) . Therefore, the CysQ fusions were chosen for subsequent experiments. The influence of temperature on the expression of the CysO-UGT76G1 fusion was investigated, and a lower temperature enhanced the solubility (Fig. 4) . At 25°C, the percentage of soluble CysQ-UGT reached almost 21%, compared with less than 15% for the partnerfree target protein. The lower temperature presumably allowed more time for correct protein folding to take place.
Glucosyltransferase activity of UGT76G1 and CysQ-UGT
It is important to check the biological activity of fusion proteins because fusion of a solubility-enhancing partner can cause unexpected structural and functional changes in target protein. We first investigated the activity of crude enzymes and found that rebaudioside A was generated in all experiments (Fig. 5) , which confirmed that fusion to CysQ did not disrupt the activity of UGT76G1. Furthermore, the specific activity of UGT76G1 fused with CysQ was 82% higher than the partner-free control lysate (Table 4) . Fusion of CysQ, therefore, improved the soluble expression of UGT76G1 and enhanced the specific activity. We speculate that fusion with protein partners may improve the structural stability and/or dynamics, resulting in enhanced enzyme activity.
Recombinant fusion proteins included an N-terminal hexahistidine (H 6 ) tag and a D 4 K EK cleavage sequence, which facilitated purification of target proteins using standard immobilised metal affinity chromatography. However, we found that EK could not cleave the fusion proteins, and we are unable to explain exactly why this was the case. The D 4 K sequence was derived from the literature, but this may not be the optimum recognition sequence in all cases. One possible explanation for the failure of the EK cleavage could be the complex three-dimensional structure of the CysQ-UGT fusion protein, which could bury the cleavage site in the structure and prevent EK from accessing the recognition sequence. SDS-PAGE confirmed binding of the CysQ-UGT fusion protein to the resin, as there was minimal protein with a molecular weight of *80 kDa in the flow-through (lane P1, Fig. 6 ). With Wash Buffer I containing 20 mM imidazole, contaminating E. coli proteins were eluted (P2, Fig. 6 ), and CysQ-UGT was eluted with Wash Buffer II containing 50 mM imidazole (P3, Fig. 6 ). The concentration of target protein was low due to the large volume of Wash Buffer used. CysQ-UGT was also eluted with Elution Buffer containing 250 mM imidazole (P4, Fig. 6 ). In this fraction, CysQ-UGT was at a higher concentration than in P3.
Glucosyltransferase activities of the purified enzymes are shown in Table 5 . Interestingly, purified UGT76G1 lost almost all catalytic activity, whereas CysQ-UGT only lost some activity. We suspect that imidazole could affect the stability of the enzyme. However, we found that CysQ improved the specific activity of UGT76G1, and CysQ significantly increased the stability or tolerance to imidazole. Therefore, the relatively small CysQ fusion expression partner was successfully used to improve the solubility and activity of recombinant glycosyltransferase UGT76G1 in E. coli, thereby facilitating the enzymatic synthesis of rebaudioside A. This strategy could presumably be used to improve the expression of other plant glycosyltransferases in prokaryotic expression systems.
